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ABSTRACT
We have applied Alard’s image subtraction method (ISIS v2.1) to the observations of the globular clus-
ters NGC 6388 and NGC 6441 previously analyzed using standard photometric techniques (DAOPHOT, ALL-
FRAME). In this reanalysis of observations obtained at CTIO, besides recovering the variables previously
detected on the basis of our ground-based images, we have also been able to recover most of the RR Lyrae
variables previously detected only in the analysis of Hubble Space Telescope WFPC2 observations of the inner
region of NGC 6441. In addition, we report five possible new variables not found in the analysis of the HST
observations of NGC 6441. This dramatically illustrates the capabilities of image subtraction techniques ap-
plied to ground-based data to recover variables in extremely crowded fields. We have also detected twelve new
variables and six possible variables in NGC 6388 not found in our previous ground-based studies. The revised
mean period for RRab stars in NGC 6388 is 0.676 day, while the mean period of RRab stars in NGC 6441 is
unchanged at 0.759 day. These values are among the largest known for any galactic globular cluster. Additional
probable type II Cepheids were identified in NGC 6388, confirming its status as a metal-rich globular cluster
rich in Cepheids.
Subject headings: globular cluster: individual (NGC 6441, NGC 6388) — stars: evolution — RR Lyrae vari-
ables
1. INTRODUCTION
Rich et al. (1997) discovered that the horizontal branch
morphologies of NGC 6388 and NGC 6441 were differ-
ent from those of other metal-rich globular clusters. Al-
though these two clusters have metallicities near [Fe/H] =
−0.6 (Armandroff & Zinn 1988; Clementini et al. 2005), they
have blue extensions to the horizontal branch in addition to
the red horizontal branch components usually seen in metal-
rich globular clusters. As a consequence, and unlike other
Electronic address: mcorwin@uncc.edu, ansumere@uncc.edu
Electronic address: pritzl@macalester.edu
Electronic address: smith@pa.msu.edu
Electronic address: mcatelan@astro.puc.cl
Electronic address: sweigart@bach.gsfc.nasa.gov
Electronic address: Peter.Stetson@nrc-cnrc.gc.ca
1 Visiting Astronomer, Cerro Tololo Inter-American Observatory, National
Optical Astronomy Observatories, which is operated by AURA, Inc., under
cooperative agreement with the National Science Foundation
metal-rich globular clusters, NGC 6388 and NGC 6441 have
substantial populations of RR Lyrae stars. These RR Lyrae
stars are themselves distinguished by having extraordinarily
long periods for their metallicities, so that they do not fit
the usual pattern of decreasing mean period versus increas-
ing [Fe/H] (Layden et al. 1999; Pritzl et al. 2000, 2001, 2002,
2003). The reasons for the unusual horizontal branch mor-
phologies of these clusters and the unusual characteristics
of their RR Lyrae stars have not been established, although
several scenarios have been advanced (Piotto et al. 1997;
Sweigart & Catelan 1998; Sweigart 2002; Ree et al. 2002;
Catelan 2006). In addition to harboring this anomalous popu-
lation of RR Lyrae stars, NGC 6388 and NGC 6441 each con-
tain several type II Cepheids, making them the most metal-
rich globular clusters known to contain such stars (Pritzl et al.
2002, 2003).
Pritzl et al. (2001, 2002) used DAOPHOT (Stetson 1987)
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FIG. 1.— Differential B flux light curves for the 24 NGC 6441 variable stars not found in Pritzl et al. (2001), but found in the HST data of Pritzl et al. (2003).
The data range from HJD 2450959 to 2450968. The order of the data is filled squares (nights 1 and 3), open squares (night4), filled triangles (night 7), open
triangles (night 8), filled circles (night 9), and open circles (night 10). Differential fluxes are in arbitrary linear units.
and ALLFRAME (Stetson 1994) to analyze CCD images of
NGC 6388 and NGC 6441 that were obtained with the 0.9-
m telescope at CTIO. Many variable stars were identified
in these studies, but the completeness of the variable star
searches was low in the most crowded central portions of
the clusters. On the other hand, image-subtraction techniques
have revealed large numbers of variable stars that had pre-
viously gone undetected on the basis of more standard tech-
niques, including ALLFRAME (Corwin et al. 2003, 2004 and
references therein). We have therefore reanalyzed the 0.9-m
observations using the ISIS v2.1 image-subtraction package
(Alard 2000; Alard & Lupton 1998) in order to obtain a more
complete inventory of the variable star populations of the clus-
ters. The utility and completeness of the image-subtraction
method can itself be evaluated in the case of NGC 6441, since
Pritzl et al. (2003) also studied the variable stars of the in-
ner regions of that cluster using snapshot observations ob-
tained with the WFPC2 camera on the Hubble Space Tele-
scope (HST).
2. OBSERVATIONS AND REDUCTIONS
The details of the observations and processing of the images
can be found in Pritzl et al. (2001, 2002). The ISIS analysis
measures the difference in flux for pixels in each image of the
time series relative to their flux in a reference image obtained
by stacking a suitable subset of images. In the ISIS method,
the original images are convolved with a kernel to account for
seeing variations and geometrical distortions of the individual
frames. We used the 10 B images with the best seeing from
each of the NGC 6441 and the NGC 6388 datasets to build up
the reference images. This process identified a large number
of stars with differential flux values above our threshold. Each
was evaluated for the likelihood that it was a variable star and
most clearly were not. We then compared our list of possible
variables with the list of known variables. Any of our sus-
pect variables that were not previously known variables were
closely examined and many were eliminated. Some appeared
to be genuinely variable and are reported here as new vari-
ables.
3. RESULTS
In this section we present results for newly discovered vari-
able stars in both NGC 6388 and NGC 6441. In the case of
NGC 6441, we also evaluate the ability of ISIS to detect RR
Lyrae and Cepheid variables in ground-based data. In partic-
ular, we compare the detection of variable stars in the ISIS
analysis of images of NGC 6441 taken at CTIO to the de-
tection of variable stars in Pritzl et al. ’s (2003) analysis of
WFPC2 observations of the same cluster.
Periods for the new variables were determined using the
period-search program KIWI. KIWI follows Lafler & Kinman
(1965) in searching for periodicity by seeking to minimize
the total length of the line segments that join adjacent obser-
vations in phase space, i.e., to maximize the smoothness of
the light curve. (The KIWI program was kindly provided to
us by Dr. Betty Blanco.) In some cases the KIWI periods
3-0.5 0 0.5 1 1.5
Phase
-0.5 0 0.5 1 1.5
Phase
-0.5 0 0.5 1 1.5
Phase
FIG. 1.— Continued.
TABLE 1
NGC 6441 HST VARIABLES
Variable ISIS period HST period Type
V106 0.361 0.36092 RRc
V107 0.746 0.73891 RRab
V108 0.344 0.34419 RRc
V109 0.365 0.36455 RRc
V110 0.769 0.76867 RRab
V111 0.743 0.74464 RRab
V112 0.614 0.61419 RRab
V113 0.586 0.58845 RRab
V114 0.675 0.67389 RRab
V115 0.860 0.86311 RRab
V116 0.582 0.58229 RRab
V117 0.745 0.74529 RRab
V118 0.979 0.97923 RRab or Ceph
V119 0.686 0.68628 RRab
V120 0.364 0.36396 RRc
V121 0.848 0.83748 RRab
V122 0.744 0.74270 RRab
V123 0.336 0.33566 RRc
V124 0.315 0.31588 RRc
V125 0.337 0.33679 RRc
V140 0.616 0.35180 RR
V141 0.847 0.84465 RRab
V142 0.887 0.88400 RRab
V143 0.863 0.86277 RRab
were adjusted to improve the phase match between different
nights. The analyzed data cover 10 nights, spanning about 33
cycles for the shorter-period variables, and about 12 cycles
TABLE 2
NGC 6441 POSSIBLE NEW VARIABLES
Variable ISIS period RA (2000) Dec (2000) Type
NV1(V146) 0.402 17 50 13.15 -37 03 00.4 RRc
NV2(V147) 0.355 17 50 13.26 -37 02 52.3 RRc
NV3(V148) 0.390 17 50 12.79 -37 02 50.9 RRc
NV4(V149) 0.557 17 50 10.06 -37 02 26.5 RR
NV5(V150) 0.529 17 50 07.07 -37 03 16.1 RR
for the longer-period ones. Because of this relatively short
time interval, ISIS periods are given to only three significant
figures. Differential flux light curves for the variables based
on the ISIS analysis and the periods given in Tables 1 and 2
(NGC 6441) and 4 (NGC 6388) are shown in Figures 1 and 2
(NGC 6441) and 3 and 4 (NGC 6388).
Differential fluxes can be transformed into standard magni-
tudes if reliable photometry can be obtained for the variable
stars in the reference frame (see, for example, Bruntt et al.
2003; Mochejska et al. 2002; Baldacci et al. 2005). Unfor-
tunately, the newly discovered variables in NGC 6388 and
NGC 6441 are in very crowded portions of the field, where
the star images are badly blended. Conventional methods of
photometry such as ALLSTAR and ALLFRAME are in these
cases unable to provide the accurate magnitude zero-point on
which to base a conversion from differential fluxes to magni-
tudes. Thus, our analysis will be based upon the differential
flux light curves produced by ISIS.
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FIG. 2.— Differential B flux light curves for the five NGC 6441 variable stars found in neither Pritzl et al. (2001) nor Pritzl et al. (2003). The data range and
symbols are as in Figure 1.
Table 1 and Figure 1 refer to NGC 6441 variables previ-
ously identified with HST, whereas Table 2 and Figure 2 re-
port on the new NGC 6441 variable candidates detected with
ISIS. There is only one instance where the KIWI period differs
significantly from that found in Pritzl et al. (2003) (V140, see
section 4). Table 2 contains five possible NGC 6441 vari-
ables that were not identified in the HST study by Pritzl et al.
(2003). The WFPC2 photometry was reexamined to deter-
mine whether these five variables could be recovered from
the HST dataset. All were recovered and could be identi-
fied as probable or possible variables. For NV1 and NV2
the WFPC2 photometry is noisy, but is consistent with the
periods identified from the ISIS data. The WFPC2 photom-
etry for NV3 is especially noisy, but suggests that the star
may be truly variable. For NV4 and NV5, there are only 10
and 6 HST epochs of observation, respectively, but the data
are again consistent with the identification of NV4 and NV5
as variable stars. Thus, NV1 through NV5 would become
NGC 6441 variables V146 through V150, respectively. The
positions of these variables were determined from the WFPC2
images as in Pritzl et al. (2003).
Three variables found in the HST analysis of Pritzl et al.
(2003) were not found in the ISIS analysis: V136, V138, and
V145. All three of these variables are within 10 arcsec of
the center of the cluster. In fact, V145 is the variable found
by HST that is closest to the center. It would be expected
that stars near the very center of a cluster would be the most
difficult for ISIS to detect. It is noteworthy in this connection
that NGC 6388 and NGC 6441 are both clusters with strong
central concentrations of stars (see Harris 1996; Trager et al.
1995).
An RRc classification for the newly discovered variables
NV1, NV2, and NV3 seems clear on the basis of period and
light curve shape. However, results for the longer period vari-
ables NV4 and NV5 are not so clear. Plots of the Fourier
decomposition parameters of light curves have proven useful
in distinguishing between RRab and RRc type variables, e.g.
Pritzl et al. (2002). In Figure 5 we plot the Fourier parameters
A21 versus φ21, based upon a fifth order fit to the differential
B light curves. NV4 and NV5, as well as V140, fall between
the stars clearly established as belonging to Bailey type ab
and the stars clearly established as Bailey type c. We have
also calculated the Stellingwerf & Donahue (1987) skewness
parameter from the differential light curves. This parameter
TABLE 3
FOURIER AND SKEWNESS PARAMETERS FOR NGC 6441
VARIABLES
Variable A21 A31 A41 φ21 φ31 φ41 Sk
V106 0.13 0.05 0.08 3.21 5.34 3.07 1.49
V107 0.54 0.32 0.13 3.99 1.92 6.08 3.69
V108 0.15 0.10 0.05 2.99 4.93 2.72 0.96
V109 0.09 0.06 0.10 3.43 5.83 3.59 1.62
V110 0.51 0.23 0.10 4.10 2.09 6.13 3.44
V111 0.42 0.33 0.09 4.22 1.00 5.61 1.78
V112 0.56 0.38 0.17 4.00 1.73 6.03 4.29
V113 0.60 0.48 0.20 3.88 1.33 5.23 4.35
V114 0.66 0.31 0.19 3.68 1.61 5.00 2.34
V115 0.41 0.10 0.06 3.68 2.48 5.17 2.28
V116 0.57 0.46 0.34 3.84 1.52 5.43 4.32
V117 0.54 0.19 0.18 4.09 1.95 5.79 1.93
V119 0.59 0.36 0.23 3.95 1.73 5.46 3.81
V120 0.12 0.03 0.02 3.39 0.55 4.21 1.03
V121 0.44 0.25 0.08 3.84 1.69 1.78 2.70
V122 0.50 0.29 0.15 3.94 1.92 5.83 3.74
V123 0.18 0.08 0.08 3.62 5.45 2.83 1.54
V124 0.09 0.05 0.07 3.63 3.83 2.64 1.38
V125 0.18 0.07 0.07 3.11 5.61 2.90 1.07
V140 0.28 0.16 0.09 3.62 1.00 5.38 1.28
V141 0.15: 0.23: 0.18: 5.23: 0.44: 4.54: 1.35:
V142 0.35 0.15 0.11 5.23 2.94 5.24 1.98
V143 0.70: 0.01: 0.10: 3.78: 4.00: 5.78: 2.38
V146(NV1) 0.16 0.16 0.12 1.66 6.17 0.37 0.90
V147(NV2) 0.13 0.08 0.07 3.82 6.00 2.74 0.92
V148(NV3) 0.11 0.05 0.04 3.73 0.29 0.49 1.04
V149(NV4) 0.27 0.12 0.03 3.31 0.47 4.32 1.08
V150(NV5) 0.19 0.03 0.12 4.71 5.85 5.01 1.36
is defined as Sk = [1/(rise time in phase units)] - 1. Skew-
ness is plotted against φ21 in Figure 6. Here, V140 and NV4
fall among the RRc variables, whereas the location of NV5 is
closer to those of the RRab stars. The skewness and Fourier
parameters for NGC 6441 variables are listed in Table 3. A
few outlying points in the light curves were omitted in cal-
culating the parameters. Parameters were not calculated for
V118 because of the large gap in its observed light curve.
For NGC 6388, for which no HST variable star analysis has
been completed, Table 4 lists variable stars not previously de-
tected in the Pritzl et al. (2002) study. Light curves for the
new variables NV1 through NV12 are shown in Figure 3,
whereas Figure 4 shows light curves for additional suspected
variables of uncertain variability type.
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FIG. 3.— Differential B flux light curves for the twelve NGC 6388 variable stars not found in Pritzl et al. (2002). The data range and symbols are as in Figure 1.
Eighteen new or suspected variables were detected in
NGC 6388. The stars labeled NV1 through NV12 seem se-
curely established as variables. They would therefore be-
come NGC 6388 variables V58 through V69, respectively.
The nature of the suspected variables, SV1 through SV6, is
less certain. Note that SV1 through SV4 are not the same
as the suspected variables S1 - S4 listed in Silbermann et al.
(1994). Four of these stars are listed as being possible type II
Cepheids, based primarily upon the approximate periods indi-
cated by the data. Additional data are needed to confirm this
classification. The Delta RA and Delta dec columns of Table
4 give the positions of the new variables in arc seconds rela-
tive to the cluster center, and are on the system of Pritzl et al.
(2002).
The Fourier and skewness parameters for the newly discov-
ered RR Lyrae in NGC 6388 are listed in Table 5. Plots of
A21 versus φ21 and skewness versus φ21 are shown in Fig-
ures 7 and 8. In Figure 7 points for known RRab and RRc
stars in NGC 6388 are plotted, using the data from Table 6 of
Pritzl et al. (2002). Although those results were based upon
standard V band light curves, they show the same pattern as
do the results from our differential flux B light curves. Most
of the newly discovered RR Lyrae fall clearly into the RRab
or RRc class as indicated in Table 4, but a few cases are still
ambiguous.
These results clearly illustrate the power of the image sub-
traction method to detect variable stars in crowded fields. In
these particular cases, the ability of image subtraction analy-
sis applied to ground-based images to identify variable stars
is comparable to that based on much better resolved HST im-
ages, at least as regards variables of relatively large amplitude.
Only in the most crowded areas of the cluster, within 10 arc-
sec of the cluster center, does the ISIS analysis seem to do
significantly worse than Pritzl et al. (2003) in detecting vari-
able stars. In any case, it must be noted that the seeing in our
ground-based images was quite mediocre, ranging from 1.1′′
to 2.5′′ (with a typical seeing of 1.4′′). It should be remem-
bered, though, that the ISIS program provides light curves
in the form of differential fluxes only, and it is not possible
for differential-image techniques alone to recover all the in-
formation that can be obtained from direct photometric tech-
niques. In particular, no mathematically rigorous algorithm
exists for transforming the ISIS differential fluxes to magni-
tudes on a fundamental scale without additional photometric
information obtained by some other method.
4. NOTES ON INDIVIDUAL STARS IN NGC 6441
V107, V113, V115, V121— The ISIS period that best
phases our data is slightly different from the HST period. This
is shown in Table 1.
V140 — The Pritzl et al. (2003) period does not phase our
data. Our smoothest light curve is obtained with a period of
0.616 d. However, the light curve, as seen in Figure 1, is very
symmetrical, and, except for the relatively sharp peak, resem-
bles that of an RRc variable. A reanalysis of the WFPC2
photometry from Pritzl et al. (2003) shows that a period of
0.6141 d fits the data, although the light curve shows the star
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FIG. 4.— Differential B flux light curves for the six suspected NGC 6388 variables. The data range and symbols are as in Figure 1.
TABLE 4
NGC 6388 POSSIBLE NEW VARIABLES
Variable ISIS period Delta RA Delta dec Type
NV1(V58) 0.683 -27.40 -7.16 RRab
NV2(V59) 0.589 6.75 12.28 RRab
NV3(V60) 0.372 0.00 -16.29 RRc
NV4(V61) 0.657 -12.70 -5.18 RRab
NV5(V62) 0.708 -8.73 -0.42 RRab
NV6(V63) 2.045 8.52 -2.21 Ceph
NV7(V64) 0.595 -1.79 -9.21 RRab
NV8(V65) 0.395 -4.77 16.68 RRc
NV9(V66) 0.350 -10.08 -9.16 RRc
NV10(V67) 2.27 -131.87 -74.75 Ceph
NV11(V68) 0.946 11.51 27.76 RRab?
NV12(V69) 3.60 3.29 -10.84 Ceph?
SV1 8 4.26 7.33 Ceph?
SV2 0.847 6.18 2.90 RRab?
SV3 0.333 4.81 -24.92 RRc?
SV4 12 4.25 -8.69 Ceph?
SV5 4.5 0.94 -7.18 Ceph?
SV6 7 -7.78 -24.34 Ceph?
TABLE 5
FOURIER AND SKEWNESS PARAMETERS FOR NGC 6388
VARIABLES
Variable A21 A31 A41 φ21 φ31 φ41 Sk
NV1 0.55 0.31 0.16 3.96 1.71 5.69 3.69
NV2 0.51 0.35 0.19 3.77 1.47 5.47 3.78
NV3 0.19 0.13 0.05 2.48 5.45 4.23 1.08
NV4 0.57 0.38 0.22 3.84 1.64 5.73 4.05
NV5 0.51 0.26 0.13 3.85 1.83 5.46 3.17
NV7 0.40 0.30 0.23 3.99 1.30 5.17 1.49
NV8 0.10 0.07 0.05 2.95 5.42 2.64 0.92
NV9 0.13 0.08 0.05 3.16 5.50 3.07 1.15
SV2 0.46 0.080 0.13 4.36 0.03 4.96 1.54
SV3 0.31 0.15 0.20 5.00 4.67 4.02 1.60
to spend less time at minimum light than is often the case.
Thus, it seems likely that the longer period is correct. Note
that at present the longest confirmed period for an RRc vari-
able in a globular cluster is about 0.56 d, with only one candi-
date RRc having recently been suggested with a period longer
than 0.6 d (Contreras et al. 2005). Because the Fourier and
skewness parameters for V140 do not give a clear classifica-
tion, further data are needed to confirm whether V140 is an
RRab or RRc star.
V141 — Our smoothest light curve is obtained with a pe-
riod of 0.457 d, as shown in Figure 1. However, the resulting
light curve is unusual looking. A period of 0.847 d gives al-
most as good a light curve and is more consistent with the
period in Pritzl et al. (2003). Thus, the longer period has been
adopted.
V142 — The HST period phases our data well. However,
the resulting light curve is unusual looking.
NV1 (V146) — We could not find a period that phases our
data well. The best period we could determine is 0.402 day,
which may suggest an RRc variable. We note that, among
Oosterhoff type II clusters such as M15, a period near 0.402
day and a light curve showing scatter are sometimes indicators
that a star is a double-mode pulsator. However, no double-
mode RR Lyrae stars have yet been discovered in NGC 6441
and, since NGC 6441 seems to contain some RRc stars with
periods longer than 0.402 day, it is not clear whether one
might expect that double-mode RR Lyrae stars in that clus-
ter would have first overtone mode periods near 0.402 day.
NV4 (V149) and NV5 (V150)— These variables have peri-
ods of 0.557 d and 0.529 d, again relatively long for RRc-type
variables. However, the differential flux light curves are more
symmetric than is typical of RRab variables, which would
suggest an RRc classification. Long-period RRc variables,
while exceedingly rare in globular clusters in general (Cate-
lan 2004 and references therein), have previously been found
in both NGC 6388 and NGC 6441 (Pritzl et al. 2001, 2002,
2003).
5. DISCUSSION
The ISIS analysis of the ground-based observations of NGC
6441, in spite of seeing ranging from 1.1′′ to 2.5′′, rediscov-
ered virtually all of the RR Lyrae stars and Cepheids cata-
logued by Pritzl et al. (2003). ISIS also identified a few pos-
sible variable candidates not appearing in the Pritzl et al. cata-
log. This confirms the utility of ISIS for identifying and clas-
sifying the brighter variable stars in crowded fields. On the
other hand, ISIS does not by itself provide light curves on a
standard photometric system, as do reduction routines such as
DAOPHOT, nor does it give astrometric positions as accurate
as those obtained from WFPC2.
Including the five newly discovered variables, we find
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FIG. 5.— Plot of the Fourier parameter A21 versus φ21 for RR Lyrae stars
in NGC 6441.
that NGC 6441 is now known to contain 68 probable RR
Lyrae variables. Accepting NV1, 2, and 3 as RRc variables,
and taking account of the uncertainty Bailey type of V140,
NGC 6441 contains 42 known RRab stars and 23 known RRc
stars, changing the ratio of RRc to all RR Lyrae stars from
the value of 0.33 found in Pritzl et al. (2003) to 0.35. The re-
sultant mean periods are 0.759 d and 0.392 d for the RRab
and RRc stars, respectively. If NV4 and NV5 are also actu-
ally RRc variables, then the total of RRc stars increases to 25
and their mean period increases to 0.404 d. In either case,
NGC 6441 remains among the clusters with the largest values
of 〈Pab〉 and 〈Pc〉.
For NGC 6388, five of the new variables seem to be clearly
RRab stars and three are RRc stars. Adding these variables
to those in Pritzl et al. (2002) gives a total of 22 probable
RR Lyrae stars. Of these, nine are RRab stars and 11 are
RRc stars (if, as Pritzl et al. (2002) suggest, V26 and V34 are
excluded as nonmembers). These totals do not include the
variables listed as questionable c or ab type stars in Table 3
of Pritzl et al. (2002). It is probable that many of the ques-
tionable stars are in fact RR Lyrae variables, as indicated in
Pritzl et al. (2002), but for various reasons the light curves of
these stars were noisy or incomplete. If all of the additional
stars listed as “c?" or “ab?" variables in Table 4 are included,
the number of RRc stars goes up by 7 and the number of RRab
variables goes up by 2. From the confirmed RRab and RRc
variables, Pritzl et al. (2002) obtained a ratio of RRc to total
RR Lyrae stars of 0.67 (or 0.71 if v26 and V34 are included).
The new discoveries revise this ratio to 0.55 (without V26 and
V34) or 0.59 (with V26 and V34). The resultant mean periods
are 〈Pab〉 = 0.676 d (excluding all questionable RRab stars)
and 〈Pc〉 = 0.364 d (with V26 and V34) or 0.387 d (without
V26 and V34). Because the new variables make a significant
addition to the RR Lyrae inventory for NGC 6388, we show a
revised histogram over period in Figure 9. V26 and V34 have
been excluded from this histogram as possible field stars, but
all other probable RR Lyrae stars in Table 3 of Pritzl et al.
(2002) have been included. The identification of additional
probable and suspected type II Cepheids in NGC 6388 con-
firms its status as a cluster rich in such variables. This further
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FIG. 6.— Plot of the skewness parameter Sk versus the Fourier phase pa-
rameter φ21 for variable stars in NGC 6441. The RR Lyrae stars of uncertain
classification, NV4, NV5, and V140, are indicated by triangles.
strengthens the unusual status of NGC 6388 and NGC 6441
as metal-rich globular clusters also rich in type II Cepheids.
The periods of the RRc stars in NGC 6388 and NGC 6441
can be transformed to their fundamental mode equivalents by
adding 0.128 to the logarithms of their periods. The resultant
histograms for RR Lyrae stars in these two clusters are shown
in Figure 10. In the case of NGC 6441, we plot V118 as an
RRab star, although Pritzl et al. (2003) noted that it might pos-
sibly be a type II Cepheid. The newly found variables V146,
V147, and V148 have been included. The fundamentalized
histogram for NGC 6388 climbs toward the short period end,
indicating that the hotter side of the RR Lyrae instability strip
is more populated than the cooler side. Although the his-
togram for NGC 6441 shows some peaks, no such overall
trend is clearly discernable. Color-magnitude diagrams of the
horizontal branches of NGC 6388 and NGC 6441 (Pritzl et al.
2003; Busso et al. 2004) show that the density of stars on the
blue extensions to the horizontal branch in both cases de-
clines toward the cool side of the instability strip, eventually
increasing again when a strong concentration of red horizon-
tal branch stars is reached. If this decline takes place within
the instability strip in the case of NGC 6388 but mostly to
the cool side of the instability strip in the case of NGC 6441,
then the existence of a trend in the NGC 6388 histogram but
not in that of NGC 6441 can be understood. For further dis-
cussion on the relation between the star distribution in the
HR diagram and the resulting period distribution, the reader
is referred to Rood & Crocker (1989), Catelan (2004a), and
Castellani et al. (2005).
Although their metallicities are much higher than those
of canonical Oosterhoff type II clusters such as M15 (NGC
7078) or M68 (NGC 4590), the mean periods of RR Lyrae
stars in NGC 6388 and NGC 6441 are as large as, or larger
than, those in Oosterhoff type II systems. We can compare the
fundamentalized histograms of Figure 10 with those of M15
and M68 – see Figure 1 in Castellani et al. (2004). NGC 6441
and, to a lesser extent, NGC 6388 have a higher proportion
of RR Lyrae stars with periods longer than 0.8 days. Other-
wise, the differences are not greater than are seen among the
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FIG. 7.— The Fourier A21 parameter is plotted against φ21 for the newly
discovered RR Lyrae stars in NGC 6388. The filled and open circles indi-
cate RRab and RRc stars in NGC 6388, respectively, plotted with data from
Table 6 of Pritzl et al. (2002).
histograms of more ordinary clusters. The peak toward the
shorter period end of the NGC 6388 histogram is similar to
that seen in the histogram of M68. M15 also shows a peak
toward shorter periods, but, like NGC 6441, the Oosterhoff
type II cluster M2 (NGC 7089) shows a relatively flat distri-
bution of RR Lyrae periods. In this sense, it is clear that nei-
ther NGC 6388 nor NGC 6441 show sharply peaked period
distributions to the same extent that is seen in the case of the
Oosterhoff type I cluster M3 (NGC 5272) (Rood & Crocker
1989; Catelan 2004a). Pritzl et al. (2002) did note that there
was one Oosterhoff type II globular cluster that shared some
of the peculiarities of NGC 6388 and NGC 6441. The unusual
globular cluster ω Centauri, like NGC 6388 and NGC 6441,
contains some RRab and RRc stars of especially long period.
In the case of ω Cen the long period RR Lyrae stars are, how-
ever, accompanied by a shorter period RR Lyrae population,
so that the mean period of RRab stars in ω Cen is shorter than
in NGC 6388 or NGC 6441.
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FIG. 8.— The skewness parameter Sk is plotted against φ21 for the newly discovered RR Lyrae stars in NGC 6388.
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FIG. 9.— Histogram over period for RR Lyrae stars in NGC 6388. The hatching indicates the histogram for RRc stars.
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FIG. 10.— Histogram over period for RR Lyrae stars in NGC 6388 and NGC 6441, after the periods of the RRc variables have been converted to their
fundamental mode equivalents.
